Abstract There are increasing evidences that prenatal events influencing in utero milieu and fetal development are associated with risk of developing chronic adult conditions, such as obesity, diabetes, and cardiovascular diseases. Epigenetics is one of the potential molecular mechanisms explaining this phenomenon, often called "fetal metabolic programming." Epigenetics is defined as heritable regulation of DNA transcription that is independent of the DNA sequence and include DNA methylation. In this article, we review recent human studies that investigated associations between epigenetic marks in the offspring and maternal nutritional status, from extreme caloric restriction and nutrients deficiency during pregnancy to maternal obesity and gestational diabetes. Despite human studies being scarce, we are confident that this emerging field will increase our understanding of the biological mechanisms involved in developmental origins of health and adult diseases and inform interventions aimed at primordial prevention of chronic metabolic diseases in future generations.
Introduction
Many epidemiological observations have raised awareness about the importance of early life determinants of adultonset chronic diseases. Prospective studies of famine survivors, for example, have shown that undernutrition preconception [1] and during critical periods of early growth and development [2] [3] [4] is associated with increased risk of metabolic and cardiovascular disease later in life, and in some instances these effects appear to be transgenerational and linked to the sex of the exposed grandparent [5, 6] . Conversely, offspring of diabetic mothers, who by virtue of the hyperglycemic interauterine environment to which they are exposed are overnourished during early growth and development, are at elevated risk of obesity and type 2 diabetes later in life [7, 8] . Intrauterine life includes critical periods that are suspected to contribute to long-term programming of glycemic/lipids metabolism or energy balance regulation and are now believed to play an important role in determining lifetime susceptibility to obesity, type 2 diabetes, and cardiovascular disorders [9, 10] . In the emerging field of developmental origins of adult health and disease, this phenomenon often is called "fetal metabolic programming".
Epigenetics: Potential Mechanisms of Fetal Metabolic Programming
Many investigators have now suggested that epigenetics is part of the molecular mechanisms involved in fetal metabolic programming [11] . The term "epigenetics" refers to the potentially heritable regulation of DNA transcription that is independent of the DNA sequence. Common, measurable epigenetic modifications include DNA methylation, histone modifications, variation in small non-coding RNAs (microRNAs), and chromatin structure remodelling. The epigenetic regulation of cellular function is a normal and essential process in cell development and differentiation [12, 13] . DNA methylation is one of the most studied and better-understood epigenetic mechanisms. Methylation is more likely to occur at CpG dinucleotides, which are more common in promoter regions. In the majority of cases, high levels of methylation at promoter regions prevent the transcription factors binding and so is associated with lower genes expression ( Fig. 1 ), but there are exceptions to this rule. Emerging data suggest that methylation is important for expression regulation of key developmental genes, especially for genes with promoter rich in CpG sites [14] .
Most epigenetic marks are mitotically stable and enduring, conveying long-term, predictable effects on gene expression, whereas other epigenetic marks can be modulated by stochastic environmental stimuli [13] . For example, some epigenetic marks are sensitive to changes in the in utero environment [12] , whilst overall, the epigenome is relatively stable, showing only marginal changes over decades in adulthood [15] [16] [17] . Specifically, it has been suggested that epigenetic programming during fetal development, with may induce somaticwide effects, may have more enduring effects than agerelated changes that are predominantly tissue-specific [15, 18, 19••, 20] .
Results from animal models clearly show that epigenetics is part of the fetal programming induced by in utero milieu affected by maternal metabolism, diet, and other lifestyle factors [21] , with a smaller body of literature describing human studies on this topic. In this review, we will discuss the most recent and relevant literature on fetal epigenetic adaptations related to maternal nutritional status in humans (Table 1) . Maternal diet is an important determinant of fetal development, directly or indirectly (via maternal obesity status and/or metabolic impairment). This review will focus on both under-and overnutrition in utero and its effects on fetal development and metabolic consequences over life.
Maternal Undernutrition
Severe Caloric Restriction: Dutch Winter Hunger Example
The classic examples of the impact of undernutrition during fetal development have come from "natural" experiments related to adverse events in human history, such as the Dutch Winter Hunger at the end of the Second World War, where average daily rations are estimated to have been 667 kcal (estimated macronutrients distribution:12% proteins, 19% fat, and 69% carbohydrates). To investigate the effect of in utero exposure to caloric restriction on epigenetic variation, blood samples were collected in 58-year-old individuals who were exposed to food deprivation during gestation and DNA methylation was measured in circulating blood cells (from whole blood samples) and were compared to their same-sex sibling who was not exposed to famine during gestation [18] . They found that periconceptional (or early gestational) exposure to famine was associated with hypomethylation of the IGF2/H19 loci [18] . In a subsequent report, it also was suggested that both famine exposure and in cis genetic variants (per allele) have similar magnitude additive effects on DNA methylation levels at the IGF2/H19 loci [22] . IGF2 is a key factor in human growth and development and is maternally imprinted (i.e., the paternal allele is expressed), whereas H19 is transcribed into a noncoding RNA of still unclear function and is paternally imprinted. Genetic variants in the IGF2 genomic region have been associated with risk of earlyonset obesity in childhood [23] and with an adverse cardiometabolic profile in adult life [24] .
In addition to IFG2 , 15 candidates genes involved in weight regulation or metabolism were investigated in the same cohort: exposure to famine during the periconceptional period was associated with differences in methylation levels at IL10, LEP, GNASAS, INSIGF, and ABCA1 [19••] . It appears that the regulation of methylation may be very sensitive to when in pregnancy nutritional deficit occurs, because exposure to famine late in gestation was not associated with differences in methylation levels except at GNASAS (and possibly at LEP in men only) [19••] . It is noteworthy that the magnitude of the difference in DNA methylation levels related to caloric restriction during pregnancy were still observable six decades later, despite being only 2-5%. It has been demonstrated that such a modest change could contribute gene expression regulation, although the strength of the correlation between DNA methylation and mRNA levels of the target gene varies depending of the loci and tissue analysed [25] . Whether the observed DNA methylation changes cause changes in gene expression in this specific population remains unknown. It also is important to note that the effect of famine exposure seems to be locus specific, because markers of global genomewide methylation (LINE1 and LUMA) did not vary according to prenatal famine exposure or not [26] .
Seasonal Variation in Nutrient Availability: Examples from Rural Gambia
Recognizing the contrast between seasonal food access and physical demands on the farmers of rural Gambia, Waterland et al. compared DNA methylation levels in circulating blood cells of children conceived during the rainy season (low food availability and high energy expenditure due to agricultural workload) and those conceived out of the rainy season [27••] . In contrast to the studies of famine exposure described above, the authors did not observe differences in methylation levels at IL10, GNASAS, or IGF2; this discrepancy may be attributable to the greater extent of caloric deprivation in the Dutch Winter Hunger compared with seasonal variations in food availability in the Gambia. Nonetheless, Waterland et al. found that children conceived during the rainy season had higher methylation levels at BOLA3, FLJ20433, PAX8, SLITRK1, and ZFYVE28 [27••] . These specific loci were selected and tested because of they appear to be human "metastable epialleles" (ME), which are characterized by stochastic and systemic interindividual epigenetic variation likely determined very early in fetal development. The higher levels of methylation at the ME in children conceived in the rainy season was unexpected (hypothesized to be lower because of methyl donor deficiency during that period) and led to further hypotheses related to the role of one-carbon (C 1 ) donor in epigenetic regulation.
Micronutrient Deficiency C 1 metabolism is composed of two complementary but interdependent pathways (one folate dependent) and is essential to produce the methyl donors necessary for DNA methylation (see ref [28] for a recent comprehensive review). Diet is the unique source of micronutrients resulting in methyl-group donor availability. Vitamin B12 is a coenzyme in the C 1 metabolism cycle; it is involved in DNA synthesis and regulation in all cells but has a specific role in blood cells formation and neurological functions. Folate is a key coenzyme in methyl transfer and is essential for DNA synthesis and repair. The amount of nutrients necessary for optimal C 1 metabolism and for matching methyl-donor demand is increased during pregnancy. Prepregnancy supplementation of folates is recommended and has been shown to prevent neural tube defects [29, 30] . Choline is considered as part of the B-complex vitamins and also is implicated in neural development in later part of the pregnancy [31] .
Observational studies in India have reported that increased insulin resistance during childhood (measured by HOMA-IR at 6 years old) is related to low levels of vitamin B12 but high concentrations of erythrocyte folates in maternal circulation measured during midpregnancy [32] . It is possible that methylation processes and epigenetic regulation are part of the mechanisms underlying these associations, but this remains to be demonstrated in this specific population. The authors raised the importance of B12 deficiency in India and that folate supplementation might not always be as beneficial as previously thought, especially after the neural tube closure period [32] .
Global methylation (measured by LINE-1) in circulating cord blood cells do not seem to be associated with maternal dietary intake of methyl-donor [33] or, specifically, of folic acid [34] . Moreover, prenatal intake of multivitamins does not appear to influence global methylation (estimated by LINE-1 or AluYb8) in placenta [35] . These findings are in line with the Dutch Winter Hunger reports mentioned above [26] , where extreme maternal caloric restriction did not appear to affect the offspring's global epigenetic profile, despite the positive findings at some of the specific loci of interest they tested [19••] . In contrast, McKay et al. reported that maternal circulating B12 levels were associated with global methylation in circulating cord blood cells (by LUMA) but not with specific sites at 3 genes of high interest for fetal growth and development (IGF2, IGFBP3, ZNT5 ) [36] . The different methods of estimating maternal micronutrient status (selfreported intake vs. circulating levels) and of measuring global methylation might partly explain the different findings between these studies. This also highlights the challenges in detecting locus-specific variations related to exposure to diverse maternal nutritional characteristics, complicated by the many subtleties of dietary intake and the difficulties in measuring the nutritional exposures.
Using the candidate gene approach, several observational studies have found significant associations between maternal micronutrient consumption and DNA methylation levels at specific loci in offspring. Methylation levels at IGF2 were higher in 17-month-old infants of women who reported taking supplemental folic acid around the time of conception compared with infants of women who were not taking supplements during the same period (49.5% vs. 47.4% respectively; P = 0.01) [37] . In contrast, another study found that maternal folic acid intake (both preconceptional and during pregnancy) was not associated with methylation levels at IGF2 but was associated with lower methylation levels at H19 DMR in cord blood cells [38] . In a large pregnancy cohort study in United Kingdom, folic acid intake before 12 weeks of pregnancy was not associated with methylation levels in circulating cord blood cells globally (based on LINE1) or at three maternally imprinted candidate genes (IGF2, PEG3, SNRPN) [39] . In the same study, folic acid intake after 12 weeks gestation was associated with higher methylation levels at IGF2 but lower methylation levels at PEG3 [39] . The inconsistent results between these observational studies might be due to population-specific effects (given the differences in folate deficiency at baseline), and the specific locus analysed at each candidate gene. Importantly, the inconsistent results emphasize the need for well-powered replication studies, which are still too rarely performed in human epigenetics research.
A few studies have taken advantage of intervention paradigms designed to evaluate the impact of supplementation of micronutrients in prepregnancy or periconception on neonatal outcomes. In a population living in rural Gambia, circulating blood cells were collected at birth and at 9 months of age in offspring born to women included in a randomized controlled trial of micronutrient supplementation pre-and periconception. In a first preliminary analysis using a candidate genes approach, very few loci were found to be differentially methylated, except in subgroup analyses (IGF2R in girls and GLT2 in boys at birth) [40] . Then, using a genome-wide array (27k Illumina), 14 loci in boys and 21 loci in girls were differentially methylated (more than 10% difference; FDR p < 0.001) at birth according to treatment group (receiving multivitamin vs. placebo starting in preconception) [41•] . More than 50% of the differentially methylated loci at birth remained so in infancy (aged 9 months). Interestingly, a larger number of loci (108 in boys, and 106 in girls) were found to be differentially methylated at 9 months of age according to multivitamin supplementation or not. Among the differentially methylated loci in infancy, many of the genes near the identified probes have been previously implicated in immune function (a finding to interpret with caution since methylation levels were measured in circulating blood cells). In addition, genes located in metabolic pathways included AHSG (encoding for fetuin, suggested to regulate insulin action at the insulin receptor tyrosine kinase level), PROX1 (associated with T2D); SLC22A18 and MKRN3 (implicated in BeckwithWiedemann and Prader-Willi syndromes respectively) in boys, as well as ADIPOQ (encoding for adiponectin, an adipokine with putative insulin sensitivity proprieties) and GNAS (imprinted locus associated with various endocrine disorders) in girls [41•] .
The effects of choline during the third trimester of pregnancy on epigenetic regulation of cortisol-related genes and other candidates were assessed in a randomized, controlled trial of choline supplementation [42] . In placenta samples collected at birth, high choline intake was associated with higher methylation levels globally, and specifically at CHR and NR3C1 (glucocorticoid receptor), but not at IL10, LEP, or IGF2. The higher methylation levels at CHR also were associated with lower CHR expression in placenta, suggesting that the epigenetic modulation induced by high maternal choline intake may be functional [42] .
Maternal Macronutrient Imbalance
Some studies have suggested that the offspring's epigenetic profile also could be influenced by the macronutrient composition of the maternal diet. For example, Godfrey et al. demonstrated that the low carbohydrate intake (defined as the lowest quartile of the carbohydrate intake distribution for the population) measured by a food frequency questionnaire at 15 weeks of gestation was associated with higher methylation levels at RXRA measured in circulating cord blood cells [43•] . RXRA encodes retinoid X receptor A, which regulates the transcription of many genes involved in energy metabolism, adipocyte differentiation, and adipogenesis to a large extent via heterodimerization with the nuclear receptor PPARG . Godfrey et al. also observed a dose-dependent relationship between methylation levels at RXRA in cord blood and adiposity in childhood in two independent cohorts, suggesting that epigenetic profile at birth can predict metabolic outcomes in childhood and providing evidence that DNA methylation could be one of the molecular mechanisms linking maternal diet during pregnancy with childhood obesity [43•] .
Drake et al. studied children of mothers who were advised to eat high amounts of red meat and to avoid carbohydraterich food during pregnancy (in 1967-1968 in Scotland) [44] . At age 40 years, the offspring were invited for a medical assessment during which circulating blood cells were collected to perform epigenetic analyses in candidate genes. The authors demonstrated that higher methylation levels at NR3C1 (glucocorticoid receptor) in offspring was associated with higher intake of red meat, fish, and vegetables and with lower intake of bread and potatoes by their mother most adherent to the "high meat/low carb" diet during pregnancy compared with the offspring from mothers who were less adherent. In addition, higher methylation at NR3C1 was correlated with higher adult BMI and waist circumference, but lower blood pressure (all measured at 40 years old, crosssectionally with the methylation levels). This suggests that low carbohydrate intake/high protein intake during pregnancy affects epigenetic regulation of glucocorticoid pathway in the offspring and might be one of the mechanism leading to higher risk of obesity in later life. A key limitation of this study is that methylation was only assessed in samples collected in adulthood; hence, it is unknown whether these epigenetic marks were present from birth or whether postpartum events that correlate with maternal diet caused these marks to emerge (offspring's weight trajectory, metabolic health, dietary preferences, etc.).
Maternal "Overnutrition"

Obesity and Gestational Weight Gain
Historically, much more attention has always been devoted to risk from maternal undernutrition and nutrient deficiencies. With the recent rise in obesity, maternal overweight status, and excessive gestational weight gain are now considered risk factors for many adverse offspring outcomes over the shortand long-term. Children born to women who were obese in pregnancy are themselves at increased risk of obesity, insulin resistance, and many other metabolic diseases throughout their lives [45] . It is postulated that maternal obesity induces adverse environmental milieu for the developing fetus by alteration of lipid and glucose metabolism and by promoting a proinflammatory response, overall influencing placenta biology and nutrients exchange and consequently fetal development.
Therefore, a few studies have used maternal BMI as a proxy for overnourishment of the placenta and fetus. Prepregnancy BMI does not seem to be associated with global methylation assessed by LINE1 [46] . Given its strong status as a candidate gene for fetal growth and development, several studies have focused on the impact of maternal BMI on the IGF2/H19 locus. In our study based on a French-Canadian population (50 dyads of mothers-infants), maternal BMI or gestational weight gain was not associated with methylation levels at the IGF2/H19 locus in the placenta or cord blood cells (supplementary analyses derived from published report from our group [47] ). In line with these results, in 300 mothernewborn dyads from the Newborn Epigenetic Study (NEST) cohort, methylation levels at IGF2 or H19 DMRs were not associated with prepregnancy BMI or excessive gestational weight gain [48] . Interestingly, using a smaller sample from the same cohort (NEST), the investigators reported that higher methylation levels at IGF2 DMR were associated with higher maternal BMI but lower paternal BMI when both were taken into account in multivariable models [49] . The association between paternal BMI and methylation levels in offspring suggests an effect of obesity on gamete formation prior to conception, a hypothesis that warrants testing in future studies.
Maternal Glycemic Regulation During Pregnancy
Maternal hyperglycemia is also considered as a state of placental-fetal overnutrition. A few candidate gene studies have been conducted to investigate the impact of gestational diabetes mellitus (GDM) exposure on offspring DNA methylation in placenta and cord blood cells. With a focus on adipokines, our group demonstrated that higher levels of blood glucose at 2 h during a standard second trimester oral glucose tolerance test were associated with lower DNA methylation levels at ADIPOQ (encoding for adiponectin) [50] and LEP (encoding for leptin) [51] in the fetal side of the placenta. Our analyses revealed that at the ADIPOQ promoter CpG sites, methylation levels were correlated with maternal glycemia across the whole spectrum (from normoglycemia to GDM) [50] , whereas at the LEP promoter, the correlation was observable only in women with impaired glucose regulation [51] . Our group also conducted an epigenome-wide association study (EWAS; using the 450k Illumina platform) to compare offspring DNA methylation profile (both in placenta tissue and cord blood cells) according to exposition to GDM or not during in utero development. Using pathways analyses, we noted that the 'metabolic diseases' pathway was among the top pathways differentially methylated according to GDM exposure in both tissues, in line with the fetal metabolic programming hypothesis [52•] . Another group investigated 16 candidate loci in a GDM case-control study [53] . They found that exposure to GDM was associated with lower methylation levels at the MEST locus in both the placenta and cord blood cells [53] . MEST is a maternally imprinted gene that might have a role in fetal development.
Taken together, these results suggest that maternal glycemia can affect DNA methylation in the offspring; this seems to be locus and/or site specific and also might vary according to the degree of hyperglycemic exposure [50, 51] . The type of treatment (e.g., diet only, insulin, oral hypoglycemic agents) to control maternal blood glucose concentrations also might have an effect on epigenetic regulation of specific locus, but this has not been reported yet.
Perspectives and Challenges
Although there are relatively few human studies of epigenetic variation in pregnancy and early life, recent results indicate that maternal nutrition and the metabolic in utero milieu can affect the offspring epigenetic profile. It is likely that variability in nutritional status in utero and during infancy will have different effects on epigenetic variation that are gene/locus specific (or even CpG site-specific) and that the effect might differ depending on the degree of the nutritional exposure (e.g., degree of caloric deprivation or hyperglycemia) or the level of a specific nutrient given other nutrients (e.g., B12/folates).
Many challenges will need to be overcome before a detailed mechanistic understanding of fetal metabolic programming is achieved. Key challenges are that: 1) epigenetic variations are most often tissue-specific, hindering the direct assessment of metabolic programming in humans for tissues of interest in the fields of obesity, diabetes, and CVD (beta cells, adipose tissue, liver, muscles, vessels, heart, etc.); 2) DNA methylation is the most studied epigenetic variation but other epigenetic phenomena (e.g., histone modifications, DNA hydroxymethylation, miRNA) influence gene expression, which also are biologically meaningful but are much harder to assess; 3) epigenetic marks are fairly stable but some are modifiable, so longitudinal studies will be necessary to address the question of whether epigenetic marks present at birth are still present later in life, and whether these marks are causally related with adverse outcomes or merely correlates of other causal exposures and processes; and 4) many potential interactions likely exist between genetic variants, epigenetic variations, and environmental/metabolic factors that can influence the DNA methylation levels at one site (a possibility that has not been taken into account in observational studies so far, largely due to the complexities of such analyses). Until now, the published candidate genes studies provide some elements of evidence supporting the concepts that epigenetics is involved in the molecular mechanisms of developmental origins of adult diseases (when positive findings are significant) but most studies are limited by fairly small sample sizes, test only a handful of candidate genes, lack replication, and focus on cross-sectional methylation analyses (often at birth or much later in life).
Nevertheless, we feel that the field of fetal epigenetic programming is one of the most promising in the current state of investigations of the early determinants of chronic metabolic diseases. Efficient epigenome-wide technologies are now available and allow us to investigate the impact of the maternal metabolic health, nutritional status, or dietary intake on the offspring's epigenetic profile across the whole genome without a priori candidate genes targeted hypotheses -similar to the recent genome-wide association studies -and hopefully reveal new relevant biologic pathways. To achieve this, we will need well phenotyped, adequately powered pregnancy cohorts that are large enough to observe realistic epigenetic effects, whilst accounting for the statistical burden of testing multiple hypotheses in epigenome-wide experiments. Another important aspect will be to have the opportunity to measure epigenetic variations at more than one time over childhood adolescence and adulthood to test the stability of the "programmed" epigenetic imprints to evaluate the impact of other events and lifestyle over the life course on these epigenetic variations; and to investigate their association with clinically relevant outcomes (e.g., obesity, diabetes, CVD events).
Finally, causal inference in observational studies is rarely possible, even when conducted under the best design (prospective, longitudinal, detailed phenotypes, etc.), and so, intervention studies will be needed to address causality and lead to clinically meaningful recommendations. The impact on epigenetic modelling of different dietary approaches (including variations in macro-and micronutrient balance), appropriate gestational weight gain, and intensity and type of treatment for hyperglycemia during pregnancy should be compared with determining how to optimize metabolic programming and positively affect the cardiometabolic risk trajectory during the early stages of life. As outlined, epigenetic analyses performed in longitudinal cohort studies, in which repeated biosampling has been performed throughout the developmental years, will prove valuable in determining the impact of modifiable environmental risk factors on cardiometabolic health.
Conclusions
Human studies investigating the role of epigenetics in developmental origins of health and adults diseases are still few, but the emerging data strongly suggest that site-specific DNA methylation levels in the offspring are influenced by maternal nutritional status at both end of the spectrum (under-and overnutrition) or micro-and macronutrients balance. Current literature clearly shows that the effect of various in utero exposures to maternal nutritional status has different impact at any specific studied locus. This means that future studies will need to investigate epigenetic phenomenon using locus specific technologies and to collect detailed information on maternal diet and metabolic status. High-quality observational and intervention studies will be needed to pursue primordial prevention of obesity and diabetes and slow down the actual epidemic in future generations.
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